Background: Disturbances of intestinal integrity, manifested by increased gastro-intestinal (GI) permeability, have been found in chronic obstructive pulmonary disease (COPD) patients during physical activity, often associated with intermittent hypoxic periods. Evidence about extrapulmonary organ disturbances, especially of the GI tract, during hospitalised acute exacerbation of COPD (AE-COPD) with hypoxaemic respiratory failure (RF) is lacking. Objective: The aim was to assess changes in GI permeability in patients with AE-COPD and during recovery 4 weeks later. Methods: All patients admitted to our hospital with AE-COPD accompanied by hypoxaemia at admission (PaO 2 <8.7 kPa or O 2 saturation <93%) were screened between October 2013 and February 2014. Patients with a history of GI or renal disease, chronic heart failure, or use of non-steroidal anti-inflammatory drugs in the 48 h before the test were excluded. GI permeability was assessed by evaluating urinary excretion ratios of the orally ingested sugars lactulose/L-rhamnose (L/R ratio), sucrose/L-rhamnose (Su/R ratio) and sucralose/erythritol (S/E ratio). Results: Seventeen patients with severe to very severe COPD completed the study. L/R ratio (×10 3 ) at admission of AE-COPD was significantly higher than in the recovery condition (40.9 [29.4-49.6] vs. 27.3 [19.5-47.7], p = 0.039), indicating increased small intestinal permeability. There were no significant differences in the individual sugar levels in urine nor in the 0-to 5-h urinary S/E and Su/R ratios between the 2 visits. Conclusion: This is the first study showing increased GI permeability during hospitalised AE-COPD accompanied by hypoxaemic RF. Therefore, GI integrity in COPD patients is an attractive target for future research and for the development of interventions to alleviate the consequences of AE-COPD.
Introduction
Chronic obstructive pulmonary disease (COPD) is currently the fourth leading cause of death worldwide, and particularly emergency department visits, hospitali- sations and readmissions for acute exacerbations are drivers of high disease burden and societal costs [1] . Acute exacerbations of COPD (AE-COPD) are associated with increased airway and systemic inflammation [2] . During these acute episodes, gas exchange is often impaired, frequently resulting in acute respiratory failure (RF). Impaired gas exchange may be caused by increased airflow limitation, the rise in pulmonary vascular resistance, and increased mismatch of the ventilation/perfusion ratio [3] [4] [5] [6] [7] [8] [9] [10] . Although hypoxaemia is a frequent feature in patients admitted with severe AE-COPD and oxygen therapy is considered as a standard treatment in hospitalised AE-COPD, the extra-pulmonary systemic consequences of hypoxaemia are largely overlooked in clinical practice [8] [9] [10] [11] [12] .
Gastro-intestinal (GI) disturbance as a potential extrapulmonary systemic consequence of hospitalised AE-COPD accompanied by acute hypoxaemic RF has been scarcely studied in COPD patients. Former studies in this group of patients about GI permeability have only been performed in stable disease states [13] . Rutten et al. [13] have found a difference in intestinal permeability between patients suffering from COPD and healthy controls. In their study, the execution of activities of daily living (ADL) enhanced this difference in intestinal permeability. In patients suffering from chronic heart failure, the intestinal morphology, permeability and absorption are modified and disturbed [14, 15] .
Mucosal epithelial integrity is essential to prevent the entry of potentially harmful luminal particles, e.g., bacteria and their products, into the systemic circulation by means of transcellular and paracellular pathways. Disturbed intestinal integrity might lead to increased permeability of the intestinal mucosal barrier, which is one of the mechanisms promoting bacterial translocation [16, 17] . Bacterial translocation might also contribute to the observed acute chronic flare-up of systemic inflammation, which has been reported in AE-COPD [2, 18] .
Mechanistically, hypoxaemia might increase GI permeability. The enterocyte membranes, tight junctions, secreted mucus and immunologic factors form the intestinal barrier. The intestines are highly vascularized, and accordingly, the small gut villous epithelial cells are highly susceptible to oxygen shortage [14, 15] . This indicates that disturbances in the oxygen delivery to the intestinal mucosa could lead to disturbed intestinal integrity. Rutten et al. [13] proposed that redistribution of blood flow from the splanchnic bed to the skeletal muscle tissue and to vital organs may lead to local tissue hypoxia, contributing to enterocyte damage and increased GI permeability in COPD patients during ADL, as described above.
Moreover, it has been suggested that alterations in the GI tract might also be associated with systemic inflammation [19, 20] . The epithelial apical junction complexes, consisting of tight junctions and adherence junctions, are, besides hypoxaemia, sensitive to circulating pro-inflammatory cytokines, which are present in higher levels during AE-COPD [21] . Although systemic inflammation is an important component in AE-COPD, there is no evidence revealing a relationship with disturbances in the GI tract and systemic inflammation [13] .
Based on the above-mentioned findings, disturbances of the intestinal integrity manifested by increased GI permeability might be present in patients with AE-COPD complicated by severe hypoxaemic RF. Accordingly, we hypothesized that patients admitted for AE-COPD accompanied by a hypoxaemic period show increased intestinal permeability.
Methods

Subject Inclusion
This prospective study was approved by the ethical committee of the Maastricht University Medical Centre (MUMC; METC 13-2-040) and conducted in the MUMC, The Netherlands, according to the Declaration of Helsinki (59th WMA General Assembly, Seoul, October 2008) and Good Clinical Practice guidelines.
All patients admitted to the MUMC with AE-COPD between October 2013 and February 2014 were screened according to the following inclusion criteria: clinical diagnosis of AE-COPD according to the GOLD statement, hypoxaemia at admission (PaO 2 <8.7 kPa or O 2 saturation <93%) and a minimum age of 40 years. Patients with a history of GI or renal disease, chronic heart failure and use of non-steroidal anti-inflammatory drugs in the 48 h before the test were excluded because these factors are known to influence GI permeability (inhibition of cyclooxygenases 1 and 2) [13, [22] [23] [24] . Patients who could not be tested within the first 72 h after hospital admission, mostly due to logistic reasons, were excluded. Nineteen patients gave written informed consent.
Study Design
The study consisted of 2 visits, the first shortly after admission to the hospital (visit 1) and the second visit during recovery, 4 weeks after the first test day (visit 2). Recovery was defined as regression of symptoms back to pre-existing levels, absence of additional oxygen or return to pre-existing long-term oxygen levels and normal vital signs. Because of uncertainty of recovery duration after AE-COPD, the follow-up visit was planned 4 weeks after the first visit (first test day) [25] [26] [27] [28] . During the second visit, regression of symptoms was assessed by the treating physician. In case of a readmission because of an AE-COPD, visit 2 would take place 4 weeks after discharge of this episode. The same study procedures took place at both visits. The study did not interfere with the standard medical care of the exacerbation. 
Study Procedures
After overnight fast (24: 00-07: 00), a sugar solution (details see below) was orally ingested after collection of a baseline blood and urine sample. Before ingesting the sugar mixture, the saturation was measured using a pulse oximeter. Arterial blood gases were only collected for standard medical care. Until 1 h before the intake of the sugar solution, subjects were allowed to drink water ad libitum. Thereafter, subjects were allowed to drink a maximum of 500 mL water per hour. Medication intake was permitted. One hour after intake of the sugar solution, a standardized breakfast was served. Urine was collected during 5 h after drinking the sugar mixture. Patients were not allowed to eat after breakfast until the end of the test (4 h after breakfast).
Assessment of GI Permeability
The differential sugar absorption assays for gut permeability are based on orally ingested inert sugars that differentially cross the intestinal barrier based on their size [29] . Large sugars (oligosaccharides) typically cross the intestinal barrier paracellularly into the circulation in case of disturbed integrity, small sugars (monosaccharides) also cross the barrier in normal state via the transcellular route and are used to correct for, e.g., differences in gastric emptying, intestinal transit and renal function. Hence, if there is increased leakage due to barrier loss, especially the large sugars cross the intestinal barrier into the circulation, leading to a higher oligosaccharide/monosaccharide ratio. These sugars are rapidly cleared by the kidney and can be detected in the urine [16] .
In this study, intestinal permeability was assessed using a validated multi-sugar test [24, 30] . The sugar mixture contained 1 g lactulose (Centrafarm BV, Etten-Leur, The Netherlands), 1 g sucralose (Brenntag AG, Mülheim, Germany), 0.5 g L-rhamnose (Danisco A/S, Copenhagen, Denmark), 1 g erythritol (Cargill Europe, Mechelen, Belgium) and 1 g sucrose (Van Gilse, Suiker Unie, Dinteloord, The Netherlands) and was dissolved in 100 mL tap water just before administration. After ingesting the sugar solution, the subjects were allowed to drink another 200 mL water. Urine sugar concentrations were determined by isocratic ion exchange high-pressure liquid chromatography (Model PU-1980 pump; Jasco, Easton, MD, USA) with mass spectrometry (Model LTQ XL; Thermo Fisher Scientific, Waltham, MA, USA) as described by van Wijck et al. [24, 30] . The ratio of lactulose/L-rhamnose (L/R) and sucralose/erythritol (S/E) reflects intestinal permeability status. Lactulose and L-rhamnose are often used as a marker for small intestinal permeability, since the microbiota in the colon degrades lactulose and rhamnose [20, 31] . Sucralose and erythritol can serve as a marker for whole-gut permeability, if collected over a 24-h period, since they endure colonic bacterial fermentation [13, 32, 33] .
Outcomes
The primary outcome of this study was the change in GI permeability (L/R ratio, sucrose/L-rhamnose ratio [Su/R ratio] and S/E ratio) between admission and after recovery.
Data Collection
Medical history, most recent lung function data (including forced expiratory volume in 1 s [FEV 1 ], forced vital capacity [FVC] , FEV 1 /FVC ratio, residual volume, total lung capacity and diffusion capacity), comorbidities using the Charlson Comorbidity Index [34] , medication, arterial blood gas, vital signs, physical examination at admission, full blood count, liver and renal function and inflammatory parameters (C-reactive protein [CRP] and white blood count) were assessed at admission. At both test days, vital signs, Borg score, medication and current symptoms were monitored.
Statistical Analysis
Data analyses were performed using SPSS for MAC version 21.0. Because of the small population, data were considered to be not normally distributed and analysed using non-parametric tests. Continuous data are presented as median and first and third quartiles (25-75% percentiles) and categorical data as percentages. Changes in L/R ratio between admission and recovery were calculated in absolute numbers and percentages. To compare characteristics which might be related to change in intestinal permeability between groups, the Wilcoxon signed-rank test was performed. A p value <0.05 was considered to be statistically significant.
The sample size was based on the outcome of a study in patients with chronic heart failure [15] . In this study, the permeability index (lactulose/mannitol ratio) was used as a marker of intestinal permeability. Performing a power calculation with the formula n = (α + β) 2 × 2 × SD 2 /d 2 and α = 0.05, β = 0.20, the difference (d) in lactulose/mannitol ratio = 0.35 and SD = 4.0, the amount of subjects needed was at least 16.3. Hence, 17 patients had to complete the study. 
Results
Subject Selection
From October 2013 until February 2014, 106 patients admitted for an AE-COPD were screened (Fig. 1) . Twenty-three patients did not meet to the inclusion criteria for the following reasons: absence of hypoxaemia (n = 18, 78.3%), not able to give informed consent (n = 4, 17.4%) and age <40 years (n = 1, 4.3%). Forty-two patients were excluded because of renal failure (n = 21, 50.0%), heart failure (n = 4, 9.5%), renal and heart failure (n = 2, 4.8%), acute GI complaints (n = 2, 4.8%), not being able to be tested within 72 h (n = 12, 28.6%) and urinary incontinence (n = 1, 2.4%). Fourteen had a readmission and had already been screened during an earlier admission. From the remaining 27 patients, 8 patients declined to participate. In total, 19 patients were included into the study. After the first visit, 2 patients withdrew from the study and did not participate in the second visit. Table 1 shows the baseline characteristics of the 17 study subjects who completed the study. In our study population, there were slightly more men than women, and the median age was 70 years. All patients were former or active smokers and had severe COPD, 2 patients in GOLD quadrant B and 15 patients in quadrant D. The median FEV 1 in litres (L) was 1.04 (40% predicted) and the median diffusion capacity (in %predicted) was 45.85 (35.1-59.4). Five (30%) patients used long-term oxygen therapy, and 1 patient had chronic non-invasive ventilation. More than 82% had 2 or more comorbidities listed in the Charlson Comorbidity Index. All patients had had 1 or more hospital admissions for AE-COPD during the last year. Four patients had had more than 2 admissions for AE-COPD during the last year. Data are presented as medians and 25-75% percentiles or n (%). AE-COPD, acute exacerbation of chronic obstructive pulmonary disease; BMI, body mass index; COPD, chronic obstructive pulmonary disease; LTOT, long-term oxygen treatment; NPPV, non-invasive positive pressure ventilation; FEV 1 , forced expiratory volume in 1 s; FVC, forced volume capacity; FEV 1 /FVC, Tiffeneau index; FRC, functional residual volume; RV, residual volume; TLC, total lung capacity; TLCO, diffusion capacity of carbon monoxide; %pred, percentage of predicted value. Data are presented as medians and 25-75% percentiles or n (%). Hypoxia criteria were pO 2 <8.7 kPa or SpO 2 at admission ≤93%. AE-COPD, acute exacerbation of chronic obstructive pulmonary disease; SpO 2 , oxygen saturation; ABG, arterial blood gas; BE, base excess; CRP, C-reactive protein; NPPV, non-invasive positive pressure ventilation; LOS, length of hospital stay. At admission, all patients were hypoxaemic (initial SpO 2 84% [80-89%]) at presentation to the emergency room ( Table 2 ). All patients needed oxygen treatment at the emergency room. Seven patients were hypercapnic, and 2 patients required non-invasive ventilation because of acute respiratory acidosis. In 10 patients, antibiotic treatment was initiated, and 3 patients had a consolidation on chest X-ray. In 4 patients, the CRP level was higher than 50 mg/L. The median length of hospital stay was 6 days.
Baseline Characteristics
Clinical Parameters at Test Days
The clinical parameters at visit 1 and 2 are shown in Table 3 . The oxygen saturation at visit 1 improved compared to the measurements at admission (SpO 2 at admission, 88% [86-93%] vs. SpO 2 at visit 1, 93% [91.5-95%], p = 0.005). Unfortunately, due to ethical considerations according to the approved protocol, we were not able to test patients directly at the time of admission when hypoxaemia was most prominent and, likely, the intestinal barrier damage was most severe. We did our best to schedule the tests as quickly as possible, which led to an interval time from admission until first visit of 52 h (28-69 h). After discharge, the second test day was scheduled. The median time between visit 1 and visit 2 was 34 days (28-90). Three patients had a readmission due to AE-COPD, and 1 patient had an AE-COPD but was not admitted during the follow-up. The second test day in these patients was postponed until the patient was in a stable condition. All patients were investigated according to the study protocol and were stable at the second visit.
The clinical parameters at visit 2 improved, including oxygen saturation (median SpO 2 95% [91.5-97%]), and clinical symptoms were within a normal range. The Borg dyspnoea score at visit 2 improved significantly compared to visit 1 (3 [1] [2] [3] [4] [5] vs. 7 [2] [3] [4] [5] [6] [7] [8] , p = 0.001). SpO 2 was significantly improved at visit 2 compared to the situation at admission (median 95% vs. 88%, p = 0.006), and there Data are presented as medians and 25-75% percentiles. The table shows the sugar urinary excretion levels after drinking a sugar solution measured during both visits (conditions). AE-COPD, acute exacerbation of chronic obstructive pulmonary disease; L/R ratio, ratio between lactose and L-rhamnose; S/E ratio, ratio between sucralose and erythritol; Su/R ratio, ratio between sucrose and rhamnose. * Wilcoxon signed-rank test.
Sprooten/Lenaerts/Braeken/Grimbergen/ Rutten/Wouters/Rohde 
GI Permeability
The 0-to 5-h urinary L/R ratio, reflecting small intestine permeability, was significantly increased at visit 1 (AE-COPD visit during hospital stay) compared to visit 2 (the stable condition at home) ( Table 4 ). Figure 2a shows the individual values of the 0-to 5-h urinary L/R ratio and the change between both visits. The median absolute difference in the 0-to 5-h urinary L/R ratio (×10 3 ) in our study group was -13.67 (-57.15 to 66.48), and the relative change was -35.5% (-55.2 to 180.2%). In 3 patients, the L/R ratio was elevated at the stable condition (visit 2; Fig. 2a) . The absolute delta of the 0-to 5-h urinary L/R ratio (×10 3 ) in these patients was, respectively, 0.73 (2.7%), 66.48 (180.2%) and 35.78 (90.0%). The first and second patient had hypercapnia at admission. The first patient had a readmission and the second visit was performed after 42 days. The second and third patient had a short hospital admission and no readmission, respectively. Their deviant L/R ratio change over time could not be explained based on other clinical parameters.
The 0-to 5-h urinary S/E ratio, including the permeability of the proximal colon, was similar in both visits. Figure 2b shows the individual values and the trend of the 0-to 5-h urinary S/E ratio at the first and second visit. The median absolute difference in the 0-to 5-h urinary S/E ratio (×10 3 ) in our study group was -0.13 (-105.8 to 55.61), and the relative change was -1.6% (-86.4 to 92.6%).
The anticipated decrease in the 0-to 5-h urinary S/E ratio between both visits was not observed in 8 patients (Fig. 2b) . In 1 patient, the measurement of sucralose and erythritol concentrations in urine failed during the last visit.
Also the Su/R ratio, reflecting gastric/duodenal permeability, was not different between both visits. The individual values and the trend of the 0-to 5-h urinary Su/R ratio at the first and second visit are shown in Figure 2c . The median absolute difference in the 0-to 5-h urinary Su/R ratio (×10 3 ) in our study group was 4.43 (-2,051.27 to 231.23), and the relative change was 10.8% (-87.7 to 281.4%). In 8 patients, a negative trend (delta) in the 0-to 5-h urinary Su/R ratio was found.
There were no significant differences in the individual sugar levels in urine between the 2 visits (Table 4) .
Discussion
To our knowledge, this is the first study showing increased small intestinal permeability, reflected by a significantly higher 0-to 5-h urinary L/R ratio, during hospitalised AE-COPD complicated by severe hypoxaemic RF compared to a clinically stable condition (4 weeks later). Increased intestinal permeability has already been described in various other extra-intestinal diseases and suggested to contribute to pathology. Sandek et al. [15] reported morphological and functional alterations of the gut in CHF patients, with an increased permeability index in both the small and large intestine. Pijls et al. [35] reported Gastrointestinal permeability during AE-COPD (visit 1) compared to stable condition (visit 2) according to 0-to 5-h urinary L/R ratio (×10 3 ) (a), S/E ratio (×10 3 ) (b), and Su/R ratio (×10 3 ) (c). * p value < 0.05. AE-COPD, acute exacerbation of chronic obstructive pulmonary disease; L/R ratio, lactulose/L-rhamnose ratio; S/E ratio, sucralose/erythritol ratio; Su/R ratio, sucrose/L-rhamnose ratio. an increased colonic permeability in patients with compensated liver cirrhosis. In patients with burn injuries, in patients undergoing cardiopulmonary bypass surgery and in critically ill patients who developed multi-organ failure, intestinal permeability was shown to be increased [36] [37] [38] [39] [40] . Interestingly, also studies performed in healthy athletes suggest that strenuous exercise limits oxygen supply to the GI tract, which has a negative impact on GI barrier function [41, 42] . Oktedalen et al. [43] showed increased intestinal permeability after marathon running, and higher intestinal permeability was observed in runners with GI symptoms compared to asymptomatic runners [44] .
The first study investigating GI permeability in COPD patients in a stable conditions has been published by Rutten et al. [13] . In that study, intestinal permeability was higher in patients suffering from COPD compared to healthy controls. In addition, the execution of an ADL test augmented the differences in intestinal permeability. Importantly, they found significantly higher plasma intestinal fatty acid-binding protein levels after performing this ADL test in stable COPD patients and not in healthy controls, suggesting the occurrence of enterocyte damage specifically in COPD patients [13] . Data from that study suggested splanchnic oxygen shortage to develop during physical activity in COPD patients and led us to conduct the present study in AE-COPD, in which hypoxaemia is an important manifestation.
Manifestations in the GI tract have not yet been investigated in patients hospitalised for AE-COPD suffering from hypoxaemia at the time of admission. Our results revealed an increased intestinal permeability in patients undergoing an AE-COPD compared to the same patients in a stable condition of COPD. In our pilot study, we observed a significant difference specifically for the urinary L/R ratio and not for the other ratios. This might be explained by the fact that the L/R ratio typically reflects permeability of the small intestine, which is more susceptible to ischaemic injury than the colon [45] . This is supported by the finding that the 0-to 5-h urinary S/E ratio, including the permeability of the proximal colon, was similar at both visits. Importantly, we tried to shorten the time window between the hypoxaemic event -overtly present in all patients at admission -and measurement of intestinal permeability as much as possible. For ethical reasons, we were, however, not able to perform the measurements directly at admission. This could imply that we did not capture the intestinal leakiness at its maximal level, as the recovery phase might have been already initiated at visit 1, as also objectified by improved hypoxaemia compared to hypoxaemia at admission. However, a tendency for worse SpO 2 at visit 1 compared to the stable situation at visit 2 was observed.
Although our study was not designed to investigate the underlying mechanism of intestinal disturbances in AE-COPD, we discuss potential routes which might underlie the increased intestinal permeability observed in patients undergoing an AE-COPD with hypoxaemic RF. Severe hypoxaemia by itself might result in inadequate oxygen delivery to the intestinal mucosa causing tissue hypoxia, which contributes to disturbed intestinal mucosal barrier function. The oxygenation of the small intestinal villi is regulated by a countercurrent circulation in which oxygen diffuses through the mucosa to the tip of the villi where the oxygen tension is the lowest. In case of oxygen shortage, this leads to more pronounced hypoxia at the tips, which is associated with increased enterocyte damage and integrity loss [46, 47] . In addition, hypoxaemia is thought to evoke a redistribution of blood flow away from less critical organs, such as the intestine, to those vital to survival (e.g., heart, brain). A strong correlation was found between the level of hypoxaemia and the decrease in mesenteric blood flow in patients during bronchoscopy, a reflex sympathetic activation presumably prominent in this situation [48] . Such an increase in sympathetic activity has also been demonstrated in congestive heart failure patients and leads to a redistribution of blood flow away from the splanchnic circulation [49] . Diminished splanchnic perfusion strongly correlates with enterocyte damage and precedes increased intestinal permeability in exercising healthy athletes [42] . Similarly, in the present patient population, activation of the sympathetic nervous system by hypoxaemia could result in changes in bowel perfusion and subsequently contribute to the observed intestinal barrier loss. In stable COPD, it has been shown that an imbalance in auto-regulation of the cardiac rhythm leads to arrhythmias and that sympathetic activation is related to a higher rate of hospitalizations and mortality in COPD [50, 51] .
Next to hypoxic damage, the intestinal barrier might be affected by inflammatory mediators, which are known to circulate during AE-COPD [52] . For instance, cytokines can lead to alterations in the structure of tight junctions that connect enterocytes, thereby resulting in enhanced paracellular permeability and barrier loss [18] . Some COPD patients have already increased levels of systemic inflammation markers in a stable state [53] . Systemic inflammation markers, mainly CRP levels, often increase during AE-COPD. In our patients, a quarter had a high CRP level (>50 mg/L). However, further subgroup analysis was not possible in our limited dataset, and cor- relation analysis between the urinary sugar ratio and parameters of inflammatory and gas exchange remained negative (data not shown). In summary, during AE-COPD, the intestinal barrier might be disturbed by hypoxic damage or inflammatory mediators, or a combination. However, future, more invasive studies need to investigate in more detail the underlying mechanisms for increased intestinal permeability in AE-COPD.
Intestinal disturbances can have several negative consequences. As mentioned above, inflammatory mediators in the circulation can affect the intestinal barrier. However, it has been shown that an increase in intestinal permeability also leads to an increase in bacterial translocation and systemic inflammation [19] , provoking a vicious circle of inflammation. Next, hypoxic enterocyte damage and consequent loss of enterocyte mass may disturb the digestion and absorption of nutrients. Another possible clinical impact of the increased intestinal permeability due to hypoxia in AE-COPD is the decrease of effectiveness of oral medication. The uptake of medication may be disturbed leading to changes in pharmacokinetics and pharmacodynamics, which additionally may influence recovery from exacerbations.
Despite these findings, our study had some limitations. The number of patients that participated in this study was small; however, the power calculation indicated that we only needed 17 patients. In some of our patients with AE-COPD, consolidation on chest X-ray was found, which is not unusual in these patients. One may ask if this could have influenced our results. These patients did not differ in outcome parameters compared to patients without consolidation. These patients, but also some of the patients without consolidation, received antibiotics at admission. In this cohort, we did not find evidence that pneumonia itself could have led to GI disturbances. Some patients received antibiotics at admission. GI side effects occur during the use of antibiotics; however, in a recent placebo-controlled human study, it was shown that 7-day antibiotics use did not affect intestinal barrier function [54] . Blood gas analysis at the second test day would have supported our understanding of the patients' condition. However, in our setting, we used pulse oximetry to assess the patients' oxygenation, and it has been shown that pulse oximetry is an accurate measure in this setting [55] . Patients were considered stable after 4 weeks, but it might be possible that patients were not yet fully recovered. We did, however, thoroughly interview all patients about recovery of all exacerbation-related symptoms, and clinically, they were all fully recovered. Another possible limitation may be that we have not assessed cardiac status during exacerbation and after recovery as a contributing factor to impaired tissue oxygen delivery. However, patients did not show any clinical signs of acute heart failure.
In conclusion, this is the first study to demonstrate disturbances in intestinal permeability in patients with hospitalised AE-COPD compared to stable COPD after a 4-week recovery period. Although the hypoxaemic event itself seems a likely explanation, the underlying mechanisms of our observations remain to be elucidated. This disturbed GI integrity in COPD patients is an attractive target for future research but also the development of new interventions to alleviate the consequences of AE-COPD.
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